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(54) LOW LEVEL RADAR FUSION FOR AUTOMOTIVE RADAR TRANSCEIVERS

(57) An automotive radar system (100) comprising
at least a first radar sensor (110), a second radar sensor
(120), and a processor (130),
where each radar sensor (110, 120) is arranged to trans-
mit a radar signal over a radar bandwidth,
where each radar sensor (110, 120) is arranged to de-
termine respective ranges to one or more detected tar-
gets (140), where each determined range is associated
with a complex value (Vmn) in a range vector,
where the processor (130) is arranged to determine a
difference in the ranges determined by the first radar sen-
sor (110) and by the second radar sensor (120),
where the processor (130) is arranged to convert the dif-
ference in ranges to an intermediate frequency, IF, phase
value (φIF) by relating the difference in ranges to the radar
bandwidth (BW), and
where the processor (130) is arranged to adjust the com-
plex values (Vmn) in the range vectors by the IF phase
value (ΦIF) and determine an angle (a) to at least one of
the detected targets (140) based on the adjusted com-
plex values in the range vectors from each radar sensor
(110, 120).
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Description

DESCRIPTION OF THE DISCLOSURE

[0001] The present disclosure relates to automotive ra-
dar systems. There are disclosed methods, processing
units, and systems for coherent processing of radar sig-
nals from two or more radar sensors.
[0002] Automotive radar systems are under constant
development. Ever increasing demands on performance
metrics such as radar range and angular resolution drives
this development. However, as more complexity is intro-
duced into automotive radar systems, cost also increas-
es, which is undesired.
[0003] In order to meet the increasing requirements on
angular resolution, radar systems based on large anten-
na arrays can be used, i.e., antenna arrays spanning
over a large aperture and comprising a large number of
antenna elements. However, it is technically challenging
to distribute a coherent radio frequency reference signals
to the antenna units, especially at the higher frequency
radar bands such as the 77 GHz bands.
[0004] Also, the number of radar transceivers on vehi-
cles is increasing. Today, it is not uncommon to see five
or more radar transceivers operated in combination on
a single vehicle. Each such radar transceiver generates
cost. Thus, there is a desire to reduce the number of
radar transceivers on a vehicle, without comprising over-
all radar system performance.
[0005] There is a need for automotive radar systems
with improved angular resolution, which are less costly
in terms of hardware.
[0006] There is also a need for techniques which allow
to reduce the number of radar transceivers assembled
on a single vehicle.
[0007] It is an object of the present disclosure to pro-
vide an improved automotive radar system. This object
is at least in part obtained by an automotive radar system
comprising at least a first radar sensor, a second radar
sensor, and a processor. Each radar sensor is arranged
to transmit a radar signal over a radar bandwidth, and to
determine respective ranges to one or more detected
targets, where each determined range is associated with
a complex value in a range vector. The processor is ar-
ranged to determine a difference in the ranges deter-
mined by the first radar sensor and by the second radar
sensor, and to convert the difference in ranges to an in-
termediate frequency (IF) phase value φIF by relating the
difference in ranges to the radar bandwidth. The proces-
sor is arranged to adjust the complex values in the range
vectors by the IF phase value ΦIF and determine an angle
a to at least one of the detected targets based on the
adjusted complex values in the range vectors from each
radar sensor.
[0008] By accounting for the IF phase, coherent
processing of the range information from each radar sen-
sor is enabled. Thus, the two radar sensors can be proc-
essed jointly as one large array, which increases the an-

gle resolution significantly, due to the increase in effective
aperture dimension of the joint antenna array. By means
of coherent processing on an IF level, there is no need
for common RF source. This can be applied to more than
two radar sensors and can obviate the need for a high
performance front radar sensor.
[0009] According to some aspects, each radar sensor
comprises an antenna array configured with a plurality
of transmit-receive antenna pairs, where each transmit-
receive antenna pair is associated with a respective
range vector.
[0010] When each radar sensor comprises its own an-
tenna array, the radar sensor is enabled to determine an
angle to a target using only the radar data obtained lo-
cally.
[0011] According to some aspects, the processor is
arranged to determine the angle a to at least one of the
detected targets by forming a matrix V of complex ele-
ments. Each row of the matrix V corresponds to a re-
spective radar sensor, and each column corresponds to
a transmit-receive antenna pair of the radar sensor. Each
element of the matrix corresponds to the complex value
in the range vector of the corresponding radar sensor
and transmit-receive antenna pair at a pre-determined
index in the range vector.
[0012] This means that each radar sensor reports a
complex value indicative of detected signal energy cor-
responding to a given range and radial velocity at a given
transmit-antenna pair in its antenna array, and that the
processor composes a matrix V where each such com-
plex value forms an element.
[0013] According to some aspects, the processor is
arranged to determine the angle a by performing a phase
alignment over the matrix V, where each row is rotated
in dependence of the first element in the row.
[0014] This essentially means that the first transmit-
receive antenna pair of each radar sensor is taken as
phase reference for that radar sensor, such that each
row in the matrix indicates phase relative to the first trans-
mit-receive antenna pair of that radar sensor.
[0015] According to some aspects, the processor is
arranged to determine the angle a by applying a pre-
determined calibration phase rotation to at least some of
the elements of the matrix V.
[0016] To account for differences due to the fact that
each radar sensor may not be mounted in exactly the
same way, i.e., with small differences in bore-sight direc-
tion and height over ground, the pre-determined calibra-
tion may be performed in order to align the outputs from
the different sensors.
[0017] According to some aspects, the processor is
arranged to determine the angle a to at least one of the
detected targets by zero-padding the rows of the matrix
V in dependence of the IF phase value ΦIF for each radar
sensor with respect to a pre-determined reference radar
sensor.
[0018] Zero-padding may be required between col-
umns to account for irregular spacing between antenna
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elements in each radar sensor, and zero-padding may
be required in order to account for differences and irreg-
ularities in the IF phase between radar sensors.
[0019] According to some aspects, the processor is
arranged to determine the angle a to at least one of the
detected targets by zero-padding the columns of the ma-
trix V in dependence of the geometry of the transmit-
receive antenna pairs of each radar sensor.
[0020] This is beneficial if the IF phase differs between
different radar sensors.
[0021] According to some aspects, the processor is
arranged to determine the angle a to at least one of the
detected targets by a two-dimensional Discrete Fourier
Transform, DFT, of the matrix V after at least phase ad-
justment by at least the IF phase value ΦIF for each radar
sensor.
[0022] According to some aspects, each radar sensor
is arranged to determine respective radial velocities to
the one or more detected targets, where each pair of
range and radial velocity is associated with a complex
value in a range-Doppler matrix.
[0023] This is an example of how the complex values
can be determined, i.e., as corresponding elements from
the range-Doppler maps of each transmit-receive anten-
na pair of each radar sensor.
[0024] According to some aspects, the processor is
arranged to determine the difference in the ranges as a
difference between a weighted sum of the magnitudes
of the complex values in the range vector for each radar
sensor.
[0025] According to some aspects, the processor is
arranged to determine the difference in the ranges in de-
pendence of a pre-determined radial velocity.
[0026] The difference in the ranges can be determined
for a given radial velocity.
[0027] According to some aspects, the first radar sen-
sor and the second radar sensor constitute front corner
radar sensors of a vehicle, where the radar sensors are
configured with an overlapping field-of-view, FoV, in a
forward direction of the vehicle.
[0028] There are also disclosed herein control units,
vehicles, computer program products associated with the
above-mentioned advantages.
[0029] Generally, all terms used in the claims are to be
interpreted according to their ordinary meaning in the
technical field, unless explicitly defined otherwise herein.
All references to "a/an/the element, apparatus, compo-
nent, means, step, etc." are to be interpreted openly as
referring to at least one instance of the element, appa-
ratus, component, means, step, etc., unless explicitly
stated otherwise. The steps of any method disclosed
herein do not have to be performed in the exact order
disclosed, unless explicitly stated. Further features of,
and advantages with, the present invention will become
apparent when studying the appended claims and the
following description. The skilled person realizes that dif-
ferent features of the present invention may be combined
to create embodiments other than those described in the

following, without departing from the scope of the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] The present disclosure will now be described in
detail with reference to the appended drawings, where:

Figure 1 schematically illustrates a vehicle with radar
sensors;

Figure 2 shows an antenna array for target angle
estimation;

Figures 3-5 illustrate example steps in a radar signal
processing method;

Figures 6-7 show example radar antenna diagrams;

Figure 8 is a flow chart illustrating methods;

Figure 9 shows an example sensor signal processing
system; and

Figure 10 illustrates an example computer program
product.

DETAILED DESCRIPTION

[0031] Aspects of the present disclosure will now be
described more fully hereinafter with reference to the ac-
companying drawings. The different arrangements, de-
vices, systems, computer programs and methods dis-
closed herein can, however, be realized in many different
forms and should not be construed as being limited to
the aspects set forth herein. Like numbers in the drawings
refer to like elements throughout.
[0032] The terminology used herein is for describing
aspects of the disclosure only and is not intended to limit
the invention. As used herein, the singular forms "a", "an"
and "the" are intended to include the plural forms as well,
unless the context clearly indicates otherwise.
[0033] Figure 1 illustrates an example vehicle 101
comprising a radar system 100 allowing determination
of angle to a target 140. The radar system comprises a
first radar sensor 110 and a second radar sensor 120,
both communicatively coupled to a central processing
unit 130. In this case, the first radar sensor 110 is a front
left corner radar transceiver, and the second radar trans-
ceiver 120 is a front right corner radar transceiver 120.
The first radar sensor 110 has a first field of view 115,
and the second radar sensor has a second field of view
125. These two example fields of view are overlapping,
meaning that an overlapping region 135 is created where
targets can be detected by both radar sensors jointly.
[0034] It is appreciated that the examples of the
present disclosure will be given mainly in terms of two
radar sensors, but the techniques disclosed herein are
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applicable to a much larger number of radar sensor units
operating jointly for increased performance. Thus, gen-
erally, there are m radar sensors arranged on the vehicle.
[0035] Each radar sensor 110, 120 is arranged to
transmit a radar signal over a radar bandwidth. According
to some aspects, each radar sensor 110, 120 is arranged
to transmit a frequency modulated continuous wave (FM-
CW) radar signal over the radar bandwidth, where a fre-
quency chirp is swept over the radar bandwidth. Other
types of radar signal formats may also be used, such as
bandspread radar signals where orthogonal codes are
used to spread a modulated signal over a wide frequency
band, or an orthogonal frequency division multiplexed
(OFDM) radar signal.
[0036] Given an FMCW radar signal format, the range
to a target 140 may be determined based on a first Dis-
crete Fourier Transform (DFT), or Fast Fourier Transform
(FFT) and the radial velocity or Doppler frequency may
be determined based on a second DFT or FFT, in a known
manner. The result of applying a range FFT and a Dop-
pler FFT is often denoted a range-Doppler map. A range-
Doppler map is a matrix of complex values, where each
column index corresponds to backscatter energy re-
ceived at a given radar antenna from reflections at a given
range, and where each row index corresponds to back-
scatter energy received at a given radar antenna from
reflections at a given radial velocity relative to the position
of the transceiver.
[0037] A good overview of rudimentary FMCW radar
processing is given in the lecture notes "Introduction to
mmwave Sensing: FMCW Radars" by Sandeep Rao,
Texas Instruments, 2017.
[0038] Figure 2 illustrates an example radar sensor
110, 120 which comprises an antenna array 210, i.e., a
plurality of antenna elements 220 comprising a combi-
nation of transmit antennas and receive antennas, where
each pair of transmit antenna and receive antenna gen-
erates a respective radar channel. Each such radar chan-
nel gives rise to a respective range-Doppler map 230,
indicating received radar signal energy 240 at different
distances and radial velocities. Each range-Doppler map
cell is a complex value associated with a phase and a
magnitude, in a known manner.
[0039] An angle a from the radar sensor array 210 to
a target 140 can be determined conveniently by a third
FFT - the angle FFT, applied to range-Doppler cells from
each range-Doppler map generated by each transmit-
antenna pair in the radar sensor array. However, this
third FFT requires all range-Doppler maps to be coherent
or at least approximately coherent in phase. If phase
noise is introduced at each trans-receive antenna pair
without proper compensation, then the angle estimation
will become corrupted.
[0040] Phase coherent radar signal processing can be
facilitated by a single radio frequency (RF) oscillator feed-
ing a reference signal to each antenna 220. However,
this may not be easy without substantial signal power
loss at the high frequencies involved in a modern auto-

motive radar system 100.
[0041] The present disclosure is based on the realiza-
tion that a coherent processing can be performed after
down-conversion from RF to an intermediate frequency
(IF), i.e., based on the frequency differences in the phase
differences in the range-Doppler maps obtained from
each transmit-receive antenna pair.
[0042] The proposed IF coherent processing method
has the advantage that no distribution of a coherent RF
reference is required and can therefore be implemented
at a reduced complexity in terms of hardware. The pro-
posed system has been shown to provide angular reso-
lutions on the order of 2.46 degrees, which is more than
enough to satisfy many of the present requirements im-
posed on automotive radar systems today.
[0043] The techniques disclosed herein rely on the de-
termination of an IF phase, which essentially models the
average range difference to targets seen from different
radar sensors. For instance, with reference to the exam-
ple radar system 100 in Figure 1, the first radar sensor
110 may see the target 140 at a first distance, while the
second radar sensor may see the same target at a sec-
ond distance. The difference in distances will give rise to
a phase difference in the range Doppler maps of the two
sensors, which can be used for coherent processing in
order to improve angular resolution of a radar system
comprising both radar sensors and a central processing
unit configured to process signals from both radar sen-
sors.
[0044] Figures 3-5 illustrate an example of how this
might be achieved.
[0045] Figure 3 illustrates determination of the IF
phase, according to an example. The radar signals from
two radar sensors 110, 120 is first beamformed, from
which a magnitude of received signal energy in different
range-Doppler cells is determined. The center of mass
of each range-Doppler map is then determined. The dif-
ference between these centers of masses is assumed to
be comprised in the range 

where C0 is the speed of light and BW is the radar band-
width. This difference in range is then converted to a
phase shift in the range [-π:π].
[0046] An important part of the present disclosure is
that a far-field assumption is made in the overlap region
between radar sensors, such as between two corner ra-
dars as exemplified in Figure 1. Targets in this region will
generate backscatter energy that arrives with high prob-
ability within the same range-bin at each radar sensor.
[0047] The far-field assumption which forms the basis
for some of the proposed processing methods may not
be valid close to the vehicle 101. Thus, optionally, the
disclosed methods may only be performed for angle es-
timation of targets located beyond a certain threshold
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distance, i.e. not for all targets in the range-Doppler maps
of the different transmit-receive antenna pairs. This
threshold may be pre-determined or determined adap-
tively. Thus, with reference to Figure 1, to make the far-
field assumption more viable, the methods disclosed
herein may be applied only to targets at a given range
from the radar sensors. I.e., only targets appearing in the
overlap region beyond a pre-determined distance d0 may
be considered for enhanced angle determination. Tar-
gets appearing in the overlap region at closer distances
may be processed using the sensors separately, or by
other sensor fusion techniques.
[0048] Relative gravitational displacement of the scat-
ter energy received from individual radar nodes, i.e. radar
sensors, is evaluated. The gravitational shift has a range
of values of 

which corresponds to λIF which denotes the IF wave-
length. Accordingly, normalizing the shift to n results in
the desired IF phase ΦIF. Note that other approaches are
conceivable.
[0049] Steering angles θ1 and θ2 relate to the bearing
directions of the radar nodes to a certain point in space.
In case that a far-field assumption can be made, the
steering angles would be the same θ1 ≈ θ2. The rule of
thumb for the far field is that the target distance is much
greater than the aperture. This means that the steering
angle is calculated separately for an automotive applica-
tion.
[0050] First, the space domain is divided into two di-
mensions, so that the phase progression of both phase
relationships, i.e. IF and RF, can be coherently integrated
using a 2D-DFT. Before the radar signals are transferred
to the angle domain, the space domain is adapted such
that a linear phase progression is created in both dimen-
sions. It is assumed that the IF phase ΦIF is already de-
termined that time
[0051] As shown in Figure 4, a matrix V 405 of complex
elements is formed, where each row of the matrix V cor-
responds to a respective radar sensor 110, 120, and each
column corresponds to a transmit-receive antenna pair
220, i.e. a Vx channel, of the radar sensor 110, 120, and
where each element of the matrix corresponds to the
complex value Vmn in the range vector of the correspond-
ing radar sensor and transmit-receive antenna pair at a
pre-determined index in the range vector. According to
some aspects, the column dimension does not only con-
sist of one transmit-receive antenna pair, but represents
all transmit-receive antenna pair combinations, i.e. the
Vx channels.
[0052] In order to be able to perform the angle FFT
over the complex values from respective range-Doppler
cell from each transmit-antenna pair, the IF dimension
and the RF dimension must be aligned in phase. To

achieve this, the IF phase is applied to each output value
(each Vx channel, i.e., each transmit-receive antenna
pair) from each radar sensor, as shown in Figure 4. This
results in a phase aligned intermediate matrix S 410, a
fused space domain matrix, to which a two-dimensional
angle FFT (2D-DFT) can be applied, as shown in Figure
5. The received radar signal energy for each angle then
appears as a magnitude of complex elements on the di-
agonal of an angle domain matrix A 510. There are ele-
ments AMN of the angle domain matrix A 510, where M
is the number of rows in the angle domain and N is the
number of column in the angle domain.
[0053] It should be noted that the row spacing corre-
sponds to a uniform physical distance in the IF dimension.
In contrast, the column spacing corresponds to the spac-
ing grid of the RF domain. Typically one chooses a nor-
malization to half lambda. Note that the value zero should
be inserted for sparse elements.
[0054] To summarize, there is disclosed herein an au-
tomotive radar system 100 comprising at least a first ra-
dar sensor 110, a second radar sensor 120, and a central
processing unit 130. The radar sensors are connected
to the central processing unit via a data bus. This data
bus may be associated with a limitation in data through-
put. Thus, it is an advantage if the communication of raw
sensor data between radar sensor and central process-
ing unit can be avoided.
[0055] More than two radar sensor inputs can be fused
in this manner, as long as the radar sensor units have at
least partly overlapping fields of view. The more radar
sensors that are fused together, the higher the angular
resolution normally becomes.
[0056] Each radar sensor 110, 120 is arranged to
transmit a radar signal over a radar bandwidth. The radar
sensors are preferably configured to transmit their re-
spective radar signals over the same bandwidth, and
centered at the same center frequency, although this is
not strictly necessary for the proposed methods to work.
By appropriately adjusting the radar output signals, dif-
ferent bandwidths and even different center frequencies
can be accounted for, which is an advantage.
[0057] Each radar sensor 110, 120 is arranged to de-
termine respective ranges to one or more detected tar-
gets 140, where each determined range is associated
with a complex value Vmn in a range vector. For instance,
a radar sensor may be based on FMCW transmission
and FFT processing. The complex value is then a value
in the range-Doppler matrix. Notably, Doppler informa-
tion is not required in order to perform the angle estima-
tion. Angle estimation can be performed for a given radial
velocity, or for a range of radial velocities.
[0058] The central processing unit 130 is arranged to
determine a difference in the ranges determined by the
first radar sensor 110 and by the second radar sensor
120. This difference in ranges will, as mentioned above,
at least with high probability be confined to the range 
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where C0 is the speed of light and where BW is the radar
bandwidth, due to the far-field assumption which normal-
ly holds, at least on the overlapping field of view 135
beyond some range threshold d0. The difference in rang-
es will reflect the relative location of the radar sensors
with respect to the overlapping field of view 135. The
difference in ranges is preferably an average difference
determined over the target ranges detected by each sen-
sor in the overlapping field of view. One example of such
difference in ranges is to just compute the weighted av-
erage of ranges detected by the first radar sensor and
by the second radar sensor, weighted by the magnitude
of each detected range, i.e., weighted in proportion to
the received signal energy at each range.
[0059] According to some aspects, the central
processing unit 130 is arranged to determine the differ-
ence in the ranges as a difference between a weighted
sum of the magnitudes of the complex values in the range
vector for each radar sensor 110, 120.
[0060] The simplest way to determine the IF phase is
just to take the weighted mean of each range vector from
each radar sensor, where the weights are proportional
to magnitude of the range-Doppler map value. Intuitively,
this gives the average difference of the peaks at each
radar sensor.
[0061] According to some aspects, the central
processing unit 130 is arranged to determine the differ-
ence in the ranges in dependence of a pre-determined
radial velocity.
[0062] The difference in the ranges can be determined
for a given radial velocity. In this case only detected signal
energy from targets associated with a given radial veloc-
ity (or Doppler frequency) is considered when determin-
ing the difference in ranges. Alternatively, the Doppler
dimension can be "collapsed" such that the range vector
forming basis for the determining of the differences in
range, comprise detected signal energy for any radial
velocity.
[0063] To classify a target as being located in the over-
lapping field of view 135, each radar sensor may initially
perform angle estimation using radar sensor data avail-
able locally and tag the targets which are estimated to
be comprised in a pre-configured range of distance and
angles constituting the overlapping field of view. The
classification of targets as belonging to the overlapping
field of view 135 or not can of course also be performed
by the central processing unit 130.
[0064] The central processing unit 130 is arranged to
convert the difference in ranges to an intermediate fre-
quency IF phase value ΦIF by relating the difference in
ranges to the radar bandwidth BW. The IF phase value
is limited to a range [-π:π], and it relates to the difference
in distances between the radar sensors to the range res-
olution of the radar sensors. Thus, if there is no difference

in distances between the sensors, then the IF phase is
zero. If the difference in distance is on the order of half
of the range resolution, then the IF phase is close to -π
or π.
[0065] The central processing unit 130 is arranged to
adjust the complex values Vmn in the range vectors by
the IF phase value ΦIF and determine an angle a to at
least one of the detected targets 140 based on the ad-
justed complex values in the range vectors from each
radar sensor 110, 120. By accounting for the IF phase,
coherent processing of the range information from each
radar sensor is enabled. Thus, the two radar sensors can
be processed jointly as one large array, which increases
the angle resolution significantly, due to the increase in
effective aperture dimension of the joint antenna array.
If a matrix of the complex values Vmn is denoted Vx,y,
then this operation may be described as 

where ejΦx represents rotation by the IF phase value, x
[1...n] is a radar sensor index value, y [1...m] is a Vx
channel index and n is the number of Vx channels per
radar sensor.
[0066] According to some aspects, each radar sensor
110, 120 comprises an antenna array 210 configured with
a plurality of transmit-receive antenna pairs 210, where
each transmit-receive antenna pair is associated with a
respective range vector. Normally each radar sensor will
comprise its own antenna array, which enables the radar
sensor to determine an angle to a target using only the
radar data obtained locally. However, implementations
where each radar sensor does not comprise an array,
i.e., single antenna element radar sensors, are also pos-
sible.
[0067] According to some aspects, the central
processing unit 130 is arranged to determine the angle
a to at least one of the detected targets 140 by forming
the matrix V 405 of complex elements, where each row
of the matrix V corresponds to a respective radar sensor
110, 120, and each column corresponds to a transmit-
receive antenna pair 220, i.e. a Vx channel, of the radar
sensor 110, 120, and where each element of the matrix
corresponds to the complex value Vmn in the range vec-
tor of the corresponding radar sensor and transmit-re-
ceive antenna pair at a pre-determined index in the range
vector.
[0068] This means that each radar sensor 110, 120
reports a complex value Vmn indicative of detected signal
energy corresponding to a given range and radial velocity
at a given transmit-antenna pair 220 in its antenna array
210, and that the central processing unit 130 composes
a matrix V 405 where each such complex value forms an
element. The processing of this matrix V by the herein
proposed methods results in estimated angles for the
received signal energy. For instance, suppose there are
two targets at 5m from the radar sensors 110, 120 and
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moving with the same radial velocity but at different an-
gles. The reported complex values will then indicate this
received signal energy, and the angle processing by the
herein proposed method will then be able to determine
that the received signal energy is actually received from
the separate targets at different angles relative to the two
or more radar sensors 110, 120. The matrix V comprising
the complex values Vmn is shown to the left in Figure 4,
prior to processing by, e.g., the IF phase.
[0069] According to some aspects, the central
processing unit 130 is arranged to determine the angle
a by performing a phase alignment over the matrix V,
where each row is rotated in dependence of the first el-
ement Vx1 in the row. This essentially means that the
first transmit-receive antenna pair of each radar sensor
is taken as phase reference for that radar sensor, such
that each row in the matrix indicates phase relative to the
first transmit-receive antenna pair of that radar sensor.
If a matrix of the complex values Vmn is denoted Vx,y,
then this operation may be described as 

[0070] According to some aspects, the central
processing unit 130 is arranged to determine the angle
a by applying a pre-determined calibration phase rotation
to at least some of the elements of the matrix. Each radar
sensor may not be mounted in exactly the same way,
i.e., with small differences in bore-sight direction and
height over ground. To account for such differences, a
pre-determined calibration may be performed in order to
align the outputs from the different sensors. If the matrix
405 of the complex values Vmn is denoted Vx,y, then this
operation may be described as 

where Y is an RF correction phase. Applying operations
in sequence, we have 

where Sx,y is a fused space domain matrix 410 that com-
prises complex elements to which coherent angle
processing can be applied in order to determine angle of
incoming radar backscatter.
[0071] According to some aspects, the central
processing unit 130 is arranged to determine the angle
a to at least one of the detected targets 140 by zero-
padding the rows of the matrix V in dependence of the
IF phase value ΦIF for each radar sensor 110, 120 with

respect to a pre-determined reference radar sensor.
[0072] It is realized that the elements of the matrix V
405, also denoted as Vx,y, may not correspond to the
proper spatial sampling intervals required for angle
processing. Thus, zero-padding may be required be-
tween columns to account for irregular spacing between
antenna elements in each radar sensor, and zero-pad-
ding may be required in order to account for differences
and irregularities in the IF phase between radar sensors.
[0073] It should be noted that the row spacing corre-
sponds to a uniform physical distance in the IF dimension.
In contrast, the column spacing corresponds to the spac-
ing grid of the RF domain. Typically one chooses a nor-
malization to half lambda. Note that the value zero must
be inserted for sparse elements.
[0074] According to some aspects, the central
processing unit 130 is arranged to determine the angle
a to at least one of the detected targets 140 by zero-
padding the columns of the matrix V in dependence of
the geometry of the transmit-receive antenna pairs 210
of each radar sensor. This is beneficial if the IF phase
differs between different radar sensors.
[0075] According to some aspects, the central
processing unit 130 is arranged to determine the angle
a to at least one of the detected targets 140 by a two-
dimensional Discrete Fourier Transform, DFT, of the ma-
trix V after at least phase adjustment by at least the IF
phase value ΦIF for each radar sensor 110, 120.
[0076] This means that the phase aligned intermediate
matrix S 410 is formed by phase alignment of the matrix
V 405, and subject to a two-dimensional DFT that results
in the angle domain matrix A 510.
[0077] According to some aspects, each radar sensor
110, 120 is arranged to determine respective radial ve-
locities to the one or more detected targets 140, where
each pair of range and radial velocity is associated with
a complex value Vmn in a range-Doppler matrix.
[0078] This is an example of how the complex values
Vmn can be determined, i.e., as corresponding elements
from the range-Doppler maps of each transmit-receive
antenna pair of each radar sensor.
[0079] According to some aspects, the first radar sen-
sor 110 and the second radar sensor 120 constitute front
corner radar sensors of a vehicle 101, where the radar
sensors 110, 120 are configured with an overlapping
field-of-view, FoV, 135 in a forward direction F of the ve-
hicle 101.
[0080] This is also illustrated in the example radar an-
tenna diagram in Figure 6 with scales in dB and angle.
Figure 7 shows an example radar antenna diagram of
the fused overlap area 137 with scales in dB and angle.
[0081] The present disclosure also relates to a vehicle
101 comprising the automotive radar system 100 accord-
ing to any previous claim.
[0082] The present disclosure also relates to a central
processing unit, CPU, 130 for an automotive radar sys-
tem 100 comprising at least a first radar sensor 110 and
a second radar sensor 120. The CPU 130 is arranged to
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receive complex values Vmn in a range vector from each
of the radar sensors 110, 120, where the CPU 130 is
arranged to determine a difference in the ranges deter-
mined by the first radar sensor and by the second radar
sensor, based on the range vectors. The CPU 130 is
arranged to convert the difference in ranges to an inter-
mediate frequency, IF, phase value ΦIF by relating the
difference in ranges to a radar bandwidth BW of the radar
sensors, and to determine an angle a to at least one
detected target 140 by processing the complex values
Vmn in the range vectors from each radar sensor 110,
120 based on the IF phase value ΦIF.
[0083] According to some aspects, the central
processing unit, CPU, 130 is generally constituted by a
processor. The processor can for example be constituted
by at least one of a central processing unit, a processing
unit operating as slave to a master processing unit, or a
distributed processing system comprising two or more
processing units.
[0084] With reference also to Figure 8, the present dis-
closure also relates to a method in an automotive radar
system 100 that comprises at least a first radar sensor
110, a second radar sensor 120, and a processor 130.
The method comprises:

transmitting (S1) a radar signal over a radar band-
width,

determining (S2) respective ranges to one or more
detected targets 140, where each determined range
is associated with a complex value Vmn in a range
vector,

and determining (S3) a difference in the ranges de-
termined by the first radar sensor 110 and by the
second radar sensor 120.

[0085] The method further comprises:

converting (S4) the difference in ranges to an inter-
mediate frequency, IF, phase value ΦIF by relating
the difference in ranges to the radar bandwidth BW,
and

adjusting (S5) the complex values Vmn in the range
vectors by the IF phase value ΦIF and determine an
angle a to at least one of the detected targets 140
based on the adjusted complex values in the range
vectors from each radar sensor 110, 120.

[0086] Figure 9 schematically illustrates, in terms of a
number of functional units, the components of a radar
sensor signal processing system 900 according to an
embodiment of the discussions herein. Processing cir-
cuitry 910 is provided using any combination of one or
more of a suitable central processing unit CPU, multi-
processor, microcontroller, digital signal processor DSP,
etc., capable of executing software instructions stored in

a computer program product, e.g. in the form of a storage
medium 930. The processing circuitry 910 may further
be provided as at least one application specific integrated
circuit ASIC, or field programmable gate array FPGA.
The processing circuitry thus comprises a plurality of dig-
ital logic components.
[0087] Particularly, the processing circuitry 910 is con-
figured to cause the system 900 to perform a set of op-
erations, or steps. For example, the storage medium 930
may store the set of operations, and the processing cir-
cuitry 910 may be configured to retrieve the set of oper-
ations from the storage medium 930 to cause the system
900 to perform the set of operations. The set of operations
may be provided as a set of executable instructions.
Thus, the processing circuitry 910 is thereby arranged to
execute methods as herein disclosed.
[0088] The storage medium 930 may also comprise
persistent storage, which, for example, can be any single
one or combination of magnetic memory, optical memo-
ry, solid state memory or even remotely mounted mem-
ory.
[0089] The sensor signal processing system 900 fur-
ther comprises an interface 920 for communications with
at least one external device, such as a first radar sensor
110 and a second radar sensor 120. As such the interface
920 may comprise one or more transmitters and receiv-
ers, comprising analogue and digital components and a
suitable number of ports for wireline communication. The
V2X transceiver 112 and the vehicle sensor 111 may be
integrated into a single unit, possibly also comprising the
interface 920.
[0090] The processing circuitry 910 controls the gen-
eral operation of the system 900, e.g. by sending data
and control signals to the interface 920 and the storage
medium 930, by receiving data and reports from the in-
terface 920, and by retrieving data and instructions from
the storage medium 930. Other components, as well as
the related functionality, of the control node are omitted
in order not to obscure the concepts presented herein.
[0091] Figure 10 shows a computer program product
1000 comprising computer executable instructions 1010
to execute any of the methods disclosed herein.

Claims

1. An automotive radar system (100) comprising at
least a first radar sensor (110), a second radar sen-
sor (120), and a processor (130),

where each radar sensor (110, 120) is arranged
to transmit a radar signal over a radar band-
width,
where each radar sensor (110, 120) is arranged
to determine respective ranges to one or more
detected targets (140), where each determined
range is associated with a complex value (Vmn)
in a range vector,
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where the processor (130) is arranged to deter-
mine a difference in the ranges determined by
the first radar sensor (110) and by the second
radar sensor (120),
where the processor (130) is arranged to convert
the difference in ranges to an intermediate fre-
quency, IF, phase value (ΦIF) by relating the dif-
ference in ranges to the radar bandwidth (BW),
and
where the processor (130) is arranged to adjust
the complex values (Vmn) in the range vectors
by the IF phase value (ΦIF) and determine an
angle (a) to at least one of the detected targets
(140) based on the adjusted complex values in
the range vectors from each radar sensor (110,
120).

2. The automotive radar system (100) according to
claim 1, where each radar sensor (110, 120) com-
prises an antenna array (210) configured with a plu-
rality of transmit-receive antenna pairs (210), where
each transmit-receive antenna pair is associated
with a respective range vector.

3. The automotive radar system (100) according to
claim 2, where the processor (130) is arranged to
determine the angle (a) to at least one of the detected
targets (140) by forming a matrix V (405) of complex
elements, where each row of the matrix V (405) cor-
responds to a respective radar sensor, and each col-
umn corresponds to a transmit-receive antenna pair
(220) of the radar sensor (110, 120), and where each
element of the matrix corresponds to the complex
value (Vmn) in the range vector of the corresponding
radar sensor (110, 120) and transmit-receive anten-
na pair (220) at a pre-determined index in the range
vector.

4. The automotive radar system (100) according to
claim 3, where the processor (130) is arranged to
determine the angle (a) by performing a phase align-
ment over the matrix V (405), where each row is ro-
tated in dependence of the first element (Vx1) in the
row.

5. The automotive radar system (100) according to
claim 3 or 4, where the processor (130) is arranged
to determine the angle (a) by applying a pre-deter-
mined calibration phase rotation to at least some of
the elements of the matrix V (405).

6. The automotive radar system (100) according to any
of claims 3-5, where the processor (130) is arranged
to determine the angle (a) to at least one of the de-
tected targets (140) by zero-padding the rows of the
matrix V (405) in dependence of the IF phase value
(ΦIF) for each radar sensor with respect to a pre-
determined reference radar sensor.

7. The automotive radar system (100) according to any
of claims 3-6, where the processor (130) is arranged
to determine the angle (a) to at least one of the de-
tected targets (140) by zero-padding the columns of
the matrix V (405) in dependence of the geometry
of the transmit-receive antenna pairs (210) of each
radar sensor.

8. The automotive radar system (100) according to any
of claims 3-7, where the processor (130) is arranged
to determine the angle (a) to at least one of the de-
tected targets (140) by a two-dimensional Discrete
Fourier Transform, DFT, of the matrix V (405) after
at least phase adjustment by at least the IF phase
value (ΦIF) for each radar sensor.

9. The automotive radar system (100) according to any
previous claim, where each radar sensor (110, 120)
is arranged to transmit a frequency modulated con-
tinuous wave, FMCW, radar signal over the radar
bandwidth.

10. The automotive radar system (100) according to any
previous claim, where each radar sensor (110, 120)
is arranged to determine respective radial velocities
to the one or more detected targets (140), where
each pair of range and radial velocity is associated
with a complex value (Vmn) in a range-Doppler ma-
trix.

11. The automotive radar system (100) according to any
previous claim, where the processor (130) is ar-
ranged to determine the difference in the ranges as
a difference between a weighted sum of the magni-
tudes of the complex values in the range vector for
each radar sensor.

12. The automotive radar system (100) according to any
previous claim, where the processor (130) is ar-
ranged to determine the difference in the ranges in
dependence of a pre-determined radial velocity.

13. The automotive radar system (100) according to any
previous claim, where the first radar sensor (110)
and the second radar sensor (120) constitute front
corner radar sensors of a vehicle (101), where the
radar sensors (110, 120) are configured with an over-
lapping field-of-view, FoV, (135) in a forward direc-
tion (F) of the vehicle (101).

14. A vehicle (101) comprising the automotive radar sys-
tem (100) according to any previous claim.

15. A processor (130) for an automotive radar system
(100) comprising at least a first radar sensor (110)
and a second radar sensor (120),

where the processor (130) is arranged to receive
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complex values (Vmn) in a range vector from
each of the radar sensors (110, 120),
where the processor (130) is arranged to deter-
mine a difference in the ranges determined by
the first radar sensor and by the second radar
sensor, based on the range vectors,
where the processor (130) is arranged to convert
the difference in ranges to an intermediate fre-
quency, IF, phase value (ΦIF) by relating the dif-
ference in ranges to a radar bandwidth (BW) of
the radar sensors, and
where the processor (130) is arranged to deter-
mine an angle (a) to at least one detected target
(140) by processing the complex values (Vmn)
in the range vectors from each radar sensor
(110, 120) based on the IF phase value (ΦIF).
The present disclosure is not limited to the above
example but may vary freely within the scope of
the appended claims. For example, the present
disclosure is applicable for any type of vehicle
such as a car, an airplane, a ship etc.
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